We present a theoretical study of the spontaneous emission of an optical emitter close to a metal nanostructure of arbitrary shape. The modification of the corresponding radiative and nonradiative decay rates and resulting quantum efficiencies, expressed on the basis of a semiclassical dipole model in terms of the local plasmonic mode density, is calculated by means of the rigorous formulation of the Green's theorem surface integral equations. Metal losses and the intrinsic nonradiative decay rate of the molecules are properly considered, presenting relationships valid in general for arbitrary intrinsic quantum yields. Resonant enhancement of the radiative and nonradiative decay rates of a fluorescent molecule is observed when coupled to an optical dimer nanoantenna. Upon varying the dipole position, it is possible to obtain a predominant enhancement of radiative decay rates over the nonradiative counterpart, resulting in an increase of the internal quantum efficiency. For emitters positioned in the gap, quantum efficiency enhancements from an intrinsic value of 1% to ϳ75% are possible.
INTRODUCTION
The properties of spontaneous emission of an excited atom depend not only on the wave function of the quantum system but also on the surrounding media. The spontaneous emission rate of an optical emitter is connected to the local photonic mode density, as given by Fermi's golden rule [1] . Systems that modify the density of modes are currently of great interest. The simplest system one may think of is a flat reflecting substrate, which has been extensively studied since long ago in the context of surface-enhanced fluorescence and energy transfer [2] [3] [4] [5] ; later on, increasingly complex systems such as metal films and structured dielectric/metallic surfaces were also thoroughly investigated [5] [6] [7] [8] . In most cases, however, quenching associated with the enhancement of nonradiative decay rates plays a limiting role [3] .
In recent years, metallic nanostructures have been theoretically proposed as candidates to strongly drive spontaneous emission [9] [10] [11] [12] [13] ; various experimental works have indeed confirmed enhanced fluorescence close to metal nanoparticles [14] [15] [16] , allowing in turn for single molecule spectroscopy. The excitation of localized surface plasmons (collective modes of the metal electron plasma) in metal nanostructures [17] [18] [19] are responsible for the strong modification of the local density of electromagnetic states. In this regard, the concept of optical nanoantennas has been indeed coined, analogous to radio wave antennas, to stress the ability of metal nanoparticles to convert visible light into localized electromagnetic energy and vice versa [20] [21] [22] [23] [24] [25] [26] [27] [28] . It is crucial in plasmon-enhanced fluorescence to achieve efficient radiative outcoupling of localized surface plasmons into photons rather than the mere coupling of the emitter to plasmon modes. The advantage of optical dimer nanoantennas with strong geometric resonances stems both from high radiative efficiency while keeping nonradiative absorption weaker and large local field enhancements in the narrow gap between the two coupled nanoparticles [16] . Recall that an efficient design of metal nanoantennas to significantly enhance the quantum yield of low-efficiency emitters has straightforward implications in, e.g., (bio)molecular sensing or optoelectronic devices.
In this work we investigate the spontaneous emission rate of a single optical emitter in the vicinity of arbitrary shaped nanostructures. On the one hand, we make use of a scattering formulation that allows us to deal with an arbitrary number of scatterers of complex shapes. On the other hand, we take into account that the intrinsic quantum efficiency can take any value Յ100% and express the radiative and nonradiative decay rates and quantum efficiency in terms of the local density of electromagnetic states and total scattered power. In this manner we can calculate all relevant magnitudes for a variety of optical emitters (fluorescence molecules, quantum dots, etc.) close to nanoantennas.
This work is organized as follows. In Section 2 we present the derivation of the expression of the decay rate from the local density of electromagnetic states obtained from the electric field generated by a point dipole coupled to the metal nanostructure back at its position; this is calculated by means of the Green's theorem surface integral equation formulation in parametric form. We also present a useful set of formulae to determine separately the radiative and nonradiative decay rates, properly normalized, for an optical emitter with arbitrary intrinsic efficiency. In Section 3 we exploit the above formulation to carry out calculations of single molecule fluorescence enhanced by a metallic dimer nanoantenna in different configurations, revealing the most favorable ones to achieve large enhancements of radiative decay rates and/or quantum efficiencies. Finally, the conclusions are drawn in Section 4.
THEORETICAL MODEL
In this section, we show how to obtain the emission properties of an optical emitter near a metal nanostructure of complex shape. This can be studied by considering the interaction of a classical oscillating dipole with the electromagnetic field scattered by the nanostructure. This approach has been successfully used in various works [2, 3, [5] [6] [7] 9, 11, 16, 29] ; despite being a classical model, it yields decay rates in full agreement with the quantum description [4, 7] . The electromagnetic field generated by a dipole source and scattered by the nanostructures is calculated by means of the rigorous formulation of the Green's theorem surface integral equations in parametric form [30] .
A. Spontaneous Decay Rate
The equation of motion of a dipole source is described as a harmonically bound charge with dipole moment p forced by a local field E loc ,
where is the oscillation frequency in the absence of damping, ␥ 0 is the damping rate (inverse lifetime 0 −1 ) for the free dipole, m is the dipole effective mass, and e is the electron charge.
In the absence of a nanostructure, the right-hand side of Eq. (1) is null, thus retrieving the free dipole expression, which can be written in this form:
The decay rate ␥ 0 has two contributions,
where ␥ r0 is the intrinsic radiative decay rate, accounting for electromagnetic power radiated in the far-field. ␥ nr0 is the intrinsic nonradiative decay rate, accounting for internal energy dissipation. It is possible to obtain the free radiative decay rate by means of the classical electrodynamic approach [31] ␥ r0 = 2ne 2 3mc 3 
, ͑4͒
where n = ͱ is the refractive index of the medium containing the dipole. The intrinsic quantum efficiency 0 is thus defined as
Equation (5) represents the spontaneous emission probability.
In the presence of the nanostructure, the right-hand side of Eq. (1) is different from zero, and the resulting dipole moment can be written as
where ⍀ is the complex oscillation frequency of the dipole when the nanostructure is present, its imaginary part ␥ being the modified decay rate. The dipole moment p and the local electric field E loc oscillate at the same frequency, so that
Upon substituting Eqs. (6) and (7) into Eq. (1), the complex frequency ⍀ is obtained:
As expected, when ͑E 0 =0͒ and there is no damping, we recover the free dipole oscillation frequency ⍀ = . Now we note [32] that ␥ 0 2 and e 2 / ͑p 0 2 m͒p 0 * · E 0 are both very small compared to 2 , so a expansion of the square root is appropriate, yielding the following results:
Equation (9a) determines the frequency shift of the dipole emission when the nanostructure is present; this frequency shift is nearly negligible for most cases of physical relevance, assuming that Ј = is a good approximation. In addition, a full quantum mechanical expression for ⌬ that differs from Eq. (9a) is necessary in general [7] . Equation (9b) represents the decay rate variation of the free dipole coupled to the nanoantenna. We are interested in the decay rate enhancements, so it is convenient to normalize it by the decay rate emission of a free dipole; by using Eq. (5) we obtain
We can see that only the reflected electromagnetic field at the dipole position is necessary to calculate the spontaneous emission variations. Essentially, the imaginary part of the local field yields the local electromagnetic density of states, in agreement with the expression for ␥ obtained from quantum mechanical formulations [4, 7] . Similarly to the free dipole, the decay rate ␥ is constituted by radiative and nonradiative components. In the nonradiative decay rate, the losses due to the nanostructure absorption must be considered. We can thus write the decay rate ␥ in this manner:
where ␥ r is the radiative decay rate when the nanoantenna is present, and ␥ nr is the nonradiative decay rate due to the nanoantenna absorption. Therefore, the quantum efficiency or apparent quantum yield, i.e., the probability that a photon be spontaneously emitted, is:
which, if normalized by that of a free dipole, the intrinsic quantum efficiency in Eq. (5) can be expressed as
B. Electromagnetic Field Scattered by a Dipole
It has been shown that the decay rate variations are obtained from the imaginary part of the reflected electromagnetic field at the dipole position, i.e., the local density of electromagnetic states. To this end, we calculate the electromagnetic field scattered from a nanostructure illuminated by a nearby dipole source (see Fig. 1 ) by means of the rigorous formulation of the Green's theorem surface integral equations. Actually, with this method it is possible to solve the scattering problem for a complex shape of the nanostructure, as will be shown in the next subsection. Once the scattering problem is solved, the decay rates ␥ r and ␥ nr can be obtained.
In the following, we restrict ourselves to bidimensional geometries for the sake of computational effort. We consider the case of a p-polarized dipole source, since this polarization permits to excite plasmon resonances (see Fig.  1 ). In such a case, the magnetic field presents only one nonzero component (y component); the Helmholtz wave equation for the magnetic field has the form
J is the charge current density of a free dipole [31] :
where r 0 and are the position and charge of the dipole. Employing Green's integral theorem inside and outside the metal, and proceeding as in [30] , we obtain the system of coupled integral equations:
In the latter equations, H ͑dip͒ is the incident field of the dipole and H j and L j are the (unkown) source functions, to be defined below. The other variables and functions correspond to the following: ⌫ j is the surface profile of the j-th scatterer, given as parametric curves by the continuous vector-valued function R j ͑t͒ϵ͑ j ͑t͒ , j ͑t͒͒, where ͑ j , j ͒ are the coordinates of a point of the profile in the xz plane; ‫ץ‬ / ‫ץ‬N j is the normal derivative; and the Green's functions in the surrounding media G ͑out͒ and within each one of the j-th scatterers G j ͑in͒ with refractive index n j = ͱ j ͑in͒ are
given by the zeroth-order Hankel function of the first kind as follows:
Incidentally, it should be recalled that the presence of a flat substrate can be accounted for within this formulation by introducing the corresponding Green's function
The unknowns of the coupled integral equations in Eqs. (16) are the surface field functions H j and L j , outside and inside the nanostructures, connected by the continuity conditions across the interface of the j-th scatterer:
where the superscripts ϩ(Ϫ) indicate that the limit is taken with r from outside (inside) the scatterers. The incident (dipole) magnetic field on the surface in Eqs. (16) is given by
where H 1 ͑1͒ is the first-order Hankel function of the first kind, and the dipole moment is defined as p 0 ϵ͑p 0x ,0,p 0y ͒.
The resulting system of coupled integral equations is then solved numerically in order to determine the source functions (surface fields). Upon introducing these source functions into the initial Green's theorem integral equations, the electromagnetic field in the entire space can be obtained in a similar manner as in [30] . In particular, the electric field scattered back at the dipole position r 0 , necessary to compute ␥ / ␥ 0 by means of Eq. (10), is determined through
With this formulation we also obtain the power emitted into the far field:
where the far-field scattering amplitude is
͑22͒
Similar equations can be obtained for an s-polarized dipole source, but in this case working with the only nonzero component of the electric field [30] .
C. Quantum Efficiency and Decay Rate Enhancements
We have seen that by treating the emitter as a semiclassical harmonic damped oscillator, we obtain the normalized decay rate (10) . But it is necessary to determine the modification of the radiative and nonradiative decay rates separately, with varying quantum efficiency of the free dipole: for emitters with large intrinsic quantum efficiency, the interest lies on the modification of the radiative decay rate; by contrast, for emitters with low intrinsic efficiency, the enhancement of the apparent quantum efficiency is also relevant.
First of all, the total normalized decay rate ␥ / ␥ 0 is obtained through Eq. (10), where the electric field at the dipole position is numerically calculated from Eqs. (20) . However, we need an independent calculation to extract the contributions from radiative and nonradiative decay rates separately. To that end, we consider the power emitted in the far-field ͑P far ͒ by a harmonic dipole oscillating at frequency , which is proportional to ␥ r , the radiative decay rate [11] . This is numerically calculated from Eqs. (21) and (22) . The power absorbed by the nanoantenna ͑P abs ͒ is proportional to the nonradiative decay rate ␥ nr . Energy conservation requires that P = P far + P abs , where P is the total emitted power, so that [6, 11] 
which accounts for the percentage of energy radiated into the far field from the total (radiated plus absorbed by the nanoantenna). Finally, from the knowledge of ␥ / ␥ 0 and P far / P, it is possible to obtain the variations of the quantum efficiency and the radiative and nonradiative decay rates, properly normalized, for an emitter with arbitrary intrinsic quantum efficiency 0 , positioned near a nanostructure. The radiative decay rate ␥ r , normalized by that of the free emitter ␥ r0 , is given by
where we have defined ␣ = ␥ / ␥ 0 and P = P far / P. We use this convention also in the nonradiative case:
The latter equation represents the power absorbed by the nanoantenna with respect to the intrinsic power lost by the free emitter. Obviously, Eqs. (24) and (25) In a similar manner, we calculate the apparent quantum yield:
When the intrinsic quantum yield is 0 = 1, i.e., without intrinsic losses, we retrieve = P that corresponds to the quantum efficiency for ␥ nr0 = 0 [see Eq. (12)]. Commonly in fluorescence experiments, the excitation intensity is far below saturation. In this case, the (onephoton) fluorescence enhancement is determined through the expression [10, 33] 
where abs and fluo are the absorption and emission frequencies, respectively. The expression (27) shows that the key magnitude that governs the fluorescence enhancement is the product of the efficiency enhancement at fluo and the pump enhancement at the excitation frequency abs given by the enhancement of the local field intensity, which can be in turn calculated as in [30] . For that reason, one can expect an interesting phenomenology near to surface plasmon resonances (SPRs), where strong enhancements of the electromagnetic field and local density of states are possible at both frequencies.
RESULTS AND DISCUSSION
In this section, we study the modification of the fluorescence decay rates stemming from the strong perturbation of the local density of EM states near a silver nanoantenna. The nanoantenna consists of two silver rectangular nanowires (see inset Fig. 2 ) in vacuum ͑ =1͒. The dimensions of each rectangle are 20ϫ 200 nm 2 , with a gap of 10 nm. The dielectric function of silver ͓ ͑in͒ ͑͒ = Ag ͔͑͒ is taken from [34] . Our aim is to explore the phenomenology associated with the modified emission in various configurations, unlike in [16] where only the specific experimental setup was considered in the calculations. Optimum configurations for different purposes can be thus designed.
A. Nanoantenna Optical Resonance
First of all, we examine the scattering properties of the nanoantenna. In Fig. 2 we show the scattering cross section (SCS) when the nanoantenna is illuminated with a plane wave impinging on the top with polarization along the dimer axis (i.e., with the electric field in the plane of the figure) for various gap widths ⌬. Recall that the nanoantenna is bidimensional, thus extending in Fig. 1 and in the inset of Fig. 2 to ±ϱ in the direction perpendicular to the plane of the figure. For the sake of comparison, we show in Fig. 2 the SCS of a single rectangle, too. Longitudinal dipolar SPRs are observed for all dimers, redshifted with respect to that of the single rectangle, due to the strong capacitive coupling [30, 35, 36] ; in the limit of touching nanoantenna arms, the SCS of a single rectangle twice as long is retrieved, with the SPR wavelength close to twice that of the single rectangle [36] . In what follows, we focus on a dimer with gap width ⌬ = 10 nm (experimentally feasible), with the SPR wavelength at Ϸ 814 nm, for which we expect a good coupling and outcoupling of a dipole emission positioned near the dimer, mediated by SPR excitation. Besides, at the frequency resonance a large enhancement of the electric field intensity is found at the gap center ͑ϳ10 2 ͒. The enhancement of the pump field with the relative enhancement of a dipole emission eventually positioned in the gap [see Eq. (27) ] gives a particular interest to the study of emission properties about the resonance frequency for a dipole located in the vicinity of the gap.
B. Spectral Dependence
We first investigate in Figs. 3 and 4 the spectral dependence of the decay rates and quantum efficiencies, obtained from Eqs. (24)- (26) , for an optical emitter, either vertically or horizontally polarized, located at the gap center of the dimer nanoantenna for two different gap widths that correspond to either uncoupled nanoantennas arms, ⌬ = 100 nm [see Figs. 3 ], or strongly coupled arms, ⌬ = 10 nm [see Fig. 4 ]. First of all, we observe in Fig. 4(b) that a strong enhancement ͑ Ͼ 10 2 ͒ of the radiative decay rate takes place throughout the spectral region of the 3(c) and 4(c)] it remains largely unaffected ͑␥ nr0 + ␥ nr ͒ / ␥ nr0 Ϸ 1 except for the region Ͻ600 nm, where Ag bulk absorption is larger, as expected. In the uncoupled case [see Fig. 3(d) ], again, resonant enhancements are substantially weaker.
The resulting quantum efficiencies are shown in Figs. 3(e), 3(f), 4(e), and 4(f) for intrinsic quantum efficiencies 0 = 1 % , 50% , 99%. For high efficiency emitters with 0 = 99%, the margin for improvement is minimal; thus, the quantum efficiency remains largely unaffected throughout the spectral region of the figures for both the coupled and uncoupled nanoantenna. Only in the case of the vertical emitter, for which there is actually a strong inhibition of the radiative decay rate in the red-most part of Fig. 4(a) as commented above, is a significant reduction of the quantum efficiency also observed. This quantum efficiency decrease should be borne in mind when designing a nanoantenna for fluorescence enhancement. Note that a similar, even larger (nearly an order of magnitude) decrease is observed for vertical emitters with 0 = 50% in Fig. 4(e) as well as for 0 = 1%. Conversely, the enhancement of radiative decay rates has also a larger impact on quantum efficiencies when the intrinsic ones are smaller. Enhancements of the quantum efficiencies are shown in Fig. 4 (f) for horizontal emitters with 0 = 1 , 50% that are indeed qualitatively similar to those of the radiative decay rates in coupled nanoantenna [see Fig. 4(b) ], provided that the nonradiative decay rates are more weakly enhanced to avoid quenching, as is the case [see Fig. 4(d) ].
Quantitatively, enhancements of up to / 0 ϳ 10 2 are found in the case of 0 = 1%. This might be crucial in designing nanoantennas for detecting low fluorescence molecules [37] . Finally, note that in the case of uncoupled dimer nanoantenna, Figs. 3(e) and 3(f) , quantum efficiency enhancements are seen for 0 = 1 , 50% that qualitatively follow the modification of the radiative decay rates in Figs. 3(a) and 3(b) , though quantitatively weaker.
C. Spatial Dependence: -Nanoantenna
Let us now explore the dependence of the modification of decay rates as the horizontal emitter moves away from the gap center of the coupled nanoantenna at a fixed emission wavelength ͑ = 814 nm͒. First, the optical emitter is displaced vertically, i.e., perpendicular to the dimer axis; the corresponding decay rate enhancements and quantum efficiencies are shown in Fig. 5 (curves without  symbols) . The largest values of ␥ r / ␥ r0 [see Fig. 5(a) ] and Fig. 5(b) ] are found at the gap center; both decrease as the distance is increased, reaching a minimum at a few tens of nanometers, from which the decay rates increase again leading to an oscillatory behavior as the distance exceeds ϳ100 nm. These oscillations have a period ϳ / 2, stemming from an interference effect due to the behavior of the nanoantenna as a weak reflecting film; such oscillations are well known from surfaceenhanced fluorescence on metal surfaces and films [3] . For comparison, we also plot in Fig. 5 (curves with symbols) the dependence on vertical displacement, not from the gap center but from the center of one of the rectangles of the dimer (starting at a distance of z = 1.5 nm). The oscillations are indeed quite similar, although the enhancements of decay rates at closing distances on top of the nanowires are quantitatively smaller than those in the gap center. Incidentally, note that the nonradiative decay rate enhancement remains moderate, even down to a distance z Ϸ 1.5 nm from the center of the rectangular nanowire; as a consequence, the onset of quenching takes place at a distance significantly smaller than that ͑z ϳ 10 nm͒ for flat metal surfaces or thin films [3] . The physics underlying the decrease of quenching is the following: the spontaneous emission on surfaces/films is coupled to surfaceplasmon polaritons, which are nonradiative modes that in turn contribute largely to ␥ nr , unlike the coupling on nanoantennas to optical plasmon resonances, which are strongly radiative modes contributing mostly to ␥ r .
With regard to quantum efficiencies [see Fig. 5(c) ], the qualitative behavior follows that of decay rate enhancements, with larger quantitative impact on emitters with low 0 .
D. Spatial Dependence:¸-Nanoantenna
Next, the horizontal optical emitter is fixed at a given height ͑z =5,10 nm͒ and displaced horizontally from the gap center of the coupled nanoantenna dimer with ⌬ = 10 nm, scanning the upper side of one of the nanoantenna rectangular arms and away from it. The resulting decay rates and quantum efficiencies are shown in Fig. 6 . The radiative decay rate in Fig. 6 (a) exhibits a sharp peak at the gap center, followed by a sharp minimum on the rectangle corner facing the gap; ␥ r then increases to a local maximum on top of the rectangle center and decreases when approaching the rectangle far end, where another local maximum occurs, approaching finally the limit ␥ r → ␥ r0 upon moving away from the nanoantenna arm. The latter maximum in the decay rates at the dimer nanoantenna end is similar (though stronger) to that for monomer nanoantennas [38] . With regard to the nonradiative decay rates in Fig. 6(b) , a qualitative behavior is expected similar to that of ␥ r , with a strong quantitative dependence on 0 .
In turn, the quantum efficiencies, shown in Fig. 6(c) , exhibit a strong dependence on ␥ r and ␥ nr : the qualitative behavior is similar to that of ␥ r (provided that ␥ nr is not predominant), but the quantitative values depend again on the intrinsic quantum efficiency. For large 0 = 99%, the minima of ␥ r have a strong impact, leading to a reduction of close to the rectangle ends. For small 0 = 1 , 50%, apart from such minima, strong enhancements of are obtained at the gap center and close to the rectangle far end associated with a large value of ␥ r / ␥ r0 .
E. Near and Far Fields
It is no doubt worth investigating the scattered field patterns associated to the dipole-nanoantenna system. We first show in Fig. 7 the intensity of the near field scattered by the dimer nanoantenna with ⌬ = 10 nm obtained from Eqs. (20) . The horizontal dipole [see Fig. 7(a) ] exhibits a strong coupling, with a near-field pattern distributed throughout the entire nanoantenna. This near-field pattern qualitative resembles that of the optical plasmon resonance [30, 36] , responsible in turn for the strong radiative outcoupling (as shown below). In contrast, the near-field pattern for the vertical dipole [see Fig. 7(b) ] is strongly confined in the gap region, revealing a drastic inhibition of the dipole emission.
We now plot in Fig. 8 the far-field pattern resulting from both the isolated dipole emission and the scattering from the coupled nanoantenna with ⌬ = 10 nm; the latter scattered-field pattern has been calculated from Eqs. (22) . The total far-field emission is shown for a horizontal and a vertical dipole located, respectively, at the dimer gap center (vertical lobes in Fig. 8 ) and at z = 5 nm up from the gap center (large horizontal, down-shifted lobes in Fig. 8 ).
Recall that isolated dipole emission in this geometry consists of two lobes [31] , as explicitly shown for a vertical dipole in Fig. 8 . It has been shown in [38] for monomer nanoantennas that the two-lobe dipole pattern corresponding to a fluorescent molecule can be altered by the presence of the nanostructure. The dipole-nanoantenna coupling is indeed stronger in our present dimer nanoantenna configuration. In the case of the stronger coupling, namely, for the horizontal dipole, two vertical lobes perpendicular to the dimer axis are observed in Fig. 8 . Qualitatively, the far field pattern of the nanoantenna (similar to a halfwavelength antenna) resembles that of the isolated vertical dipole, as reported in [36] . However, one has to bear in mind that the intensity scattered by the nanoantenna (as a result of the dipole-nanoantenna coupling) is at least two orders of magnitude larger than the intensity of the (isolated) dipole far field, revealing the nanostructureenhanced spontaneous emission due to the strong modification of local density of electromagnetic states. In the case of the vertically polarized dipole, the dipolenanoantenna coupling is weaker but leads to a qualitative behavior of the far-field pattern that merges both contributions, namely, the horizontal lobes of the isolated vertical dipole with the vertical lobes scattered by the nanoantenna as expected. This is revealed by the downward displacement of the resulting lobes with respect to the dimer axis in Fig. 8. 
CONCLUSIONS
To summarize, we have presented a thorough theoretical study of the spontaneous emission of an optical emitter close to a metal nanostructure of arbitrary shape. A classical dipole model is used to express the radiative decay rate in terms the electromagnetic field (strictly speaking, the electromagnetic density of states) scattered by the nanostructure, which we calculate on the basis of the rigorous formulation of the Green's theorem surface integral equations for a dipole source. In this regard, metal losses and the intrinsic nonradiative decay rate of the optical emitter are properly considered. Thus we present expressions for the radiative and nonradiative decay rates and quantum efficiency, valid in general for arbitrary intrinsic quantum yield, that are directly related to magnitudes calculated numerically from the rigorous scattering formulation.
With this method, we investigate the modification of the radiative and nonradiative decay rates of a fluorescent molecule coupled to a resonant optical dimer nanoantenna. This is done for varying molecule position and dipole moment orientation. The largest enhancements occur at the dimer gap center for dipole moments parallel to the dimer axis; in addition, it should be mentioned that not only enhancements but also drastic reductions of decay rates are observed for perpendicular dipole moments at the gap center. In general, both radiative and nonradiative decay rates are strongly modified; however, the predominant enhancement of radiative decay rates over the nonradiative counterpart (responsible for quenching) result in an increase of the quantum efficiency, which can be as large as ϳ10 2 for emitters positioned in the gap. Finally, the strong coupling of the optical emitter to the nanoantenna is also studied in the resulting near-and far-field patterns, which exhibit significant qualitative and quantitative variations. Fig. 7 . The horizontal dipole is located at the gap center, whereas the vertical one is shifted z = 5 nm up from the gap center. The contributions from both the direct dipole field and the field scattered by the nanoantenna are considered (see text). For comparison, the isolated dipole contribution ͑ ϫ 100͒ is also shown for the vertical polarization (two small horizontally aligned lobes). Each rectangular nanowire is 20ϫ 200 nm 2 .
